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Abstract: A three-step process to scale-up kefir biomass 
production at a semi-industrial scale employing whey is 
reported. Aerobic fermentations were initially performed 
at laboratory scales, in 1.5- and 4-L bioreactors, yielding 
79 g/L final kefir biomass (0.89 g/g of lactose utilized), in 
7 h of fermentation time. The use of whey as carbon 
source even in solid cultures led to the formation of a 
granular biomass. These results encouraged scale-up at 
a semi-industrial-scale pilot plant employing 100- and 
3,000-L bioreactors, leading to the development of a pro- 
cess for granular kefir biomass production. The results 
validated the laboratory-scale experiments and the avoid- 
ance of centrifugal separators due to granular biomass 
formation. Pilot-plant operations showed kefir to be highly 
resistant to contamination under actual industrial condi- 
tions and no serious problems in handling of raw materials 
and equipment were observed. Economic analysis showed 
a 20% higher cost of the market price of products, with 
added value of up to 15.9 x 10° € within the European 
Union. © 2005 Wiley Periodicals, Inc. 
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INTRODUCTION 


Single-cell protein (SCP) production has been the subject 
of extensive research during the past two decades for the 
production of protein-enriched livestock feed. These efforts 
were based mainly on the employment of fungi in solid-state 
fermentation processes of various agro-industrial wastes 
(Joshi and Sandhu, 1996; Pandey et al., 2000; Vaccarino 
et al., 1989). Distiller’s (Onifade and Babatunde, 1996) 
and brewer’s (Li and Gatlin, 2003) yeast (Saccharomyces 
cerevisiae) have also been studied for SCP production for 
use as animal feed. Candida utilis (Torulopsis utilis), com- 
monly known in the industry as torula yeast, is widely used 
as a dietary supplement for human and animal consumption, 
as it is a rich source of proteins, essential amino acids, 
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minerals, and vitamins (Lee and Kim, 2001). Although 
solid-state fermentation using fungi is an effective pro- 
cess, its application at industrial scale is problematic due 
to difficulties in handling and proper bioreactor design 
(Durand, 2003). The predominant raw material used for 
biomass production worldwide is molasses, a cheap bypro- 
duct of the sugar industry. Molasses contains high amounts 
of minerals, including heavy metals, which create serious 
problems during fermentation, such as inactivation of en- 
zymes and inhibition of cell growth. Therefore, total 
utilization of molasses is not usually possible to achieve 
optimum biomass yields. Moreover, the availability of 
molasses is limited as it is defined by sugar production 
capacity and disposal to ethanol, amino acids, animal feeds, 
and baker’s yeast production plants worldwide (Olguin 
et al., 1995). An alternative raw material for biomass pro- 
duction is milk whey, a dairy liquid waste, which is dis- 
carded in great volumes annually and is very difficult 
to treat due to its high organic load. Whey has a signifi- 
cant nutritional value, as it contains (% wt/vol) proteins 
(0.6-0.9%), lactose (4.5-5%), fat (0.05-0.6%), minerals 
(8-10% of dried extract), organic acids, and vitamins (Siso, 
1996). Therefore, its conversion to useful products such 
as ethanol, alcoholic beverages, polysaccharides, protein- 
enriched animal feeds, etc. is very important from environ- 
mental and economical points of view. 

To overcome the aforementioned obstacles concerning 
the industrial solid-state fermentation feasibility, the 
effective utilization, and the availability of molasses and 
whey for competent large-scale SCP production, aerobic 
treatment of whey by lactose-converting, mixed-culture 
kefir is proposed as part of extensive recent research efforts 
on kefir fermentation technology (Koutinas, 2003). These 
efforts include the conversion of whey by kefir to novel 
alcoholic beverages (Athanasiadis et al., 2002; Paraskevo- 
poulou et al., 2003a); SCP for use as food additive 
(Paraskevopoulou et al., 2003b) or baker’s yeast (Harta 
et al., 2004); potable alcohol through batch and continuous 
low-temperature fermentation of whey and various carbo- 
hydrates using kefir cells immobilized on delignified 


cellulosic materials (Athanasiadis et al., 1999, 2001, 2002); 
improvement of kefir by mutation to improve cell-growth 
yield at high temperatures and salt concentrations (Petsas 
et al., 2002); the production of cheese-making starters, etc. 
The aim of this study was to develop a method for kefir 
SCP production using whey and its scale-up from labora- 
tory to semi-industrial scale. 


MATERIALS AND METHODS 


Kefir Yeast and Media 


The kefir culture employed herein, isolated from Russian 
kefir drink, is maintained and available at the Department 
of Chemistry, Aristotle University of Thessaloniki, Greece 
(Athanasiadis et al., 1999). It was grown in a synthetic 
media containing 35 g/L lactose, 1 g/L (NH4).SOq,, | g/L 
KH>PO,, 5 g/L MgSOug, and 4 g/L yeast extract. All me- 
dia were sterilized at 130°C and at 1—-1.5 atm for 10 min. 
Kefir cells were harvested at the late-exponential phase by 
centrifugation at 4,000 rpm for 10 min at 20°C and were 
used for further biomass production experiments. Cheese 
whey was supplied by the dairy company MEVGAL S.A. 
(Thessaloniki, Greece). It was pasteurized at 80°C for 25 s 
and kept at —20°C until use. It contained 51 g/L lactose 
and was used either with or without salt. 


Kefir Growth in Lactose Media 


The apparatus used for aerobic kefir biomass production 
consisted of a 2-L Plexiglas tower reactor, placed in an 
incubator set at 30°C, and connected with a compressor 
that supplied the system with air through an air pump. The 
air was sterilized by passage through a bacteriostatic fil- 
ter before reaching the fermenting material. The air flow 
was held constant at 3 L/min. Initial amounts of 6.5 g of 
kefir grains and | L of synthetic liquid medium containing 
35 g/L lactose were used. The pH was adjusted at 5.5 and 
kept constant during fermentation by addition of concen- 
trated NaOH (10% wt/vol) solution. When the fermenta- 
tions were complete, the biomass produced was harvested 
by centrifugation at 4,000 rpm for 20 min. Kinetics of 
fermentations were monitored by measuring residual lac- 
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Figure 1. Kefir growth by aerobic fermentation of lactose in a 1-L 
bioreactor. 


tose and produced ethanol and biomass at various time 
intervals. The results are presented in Fig. | and Table I 
(average values). 


Kefir Growth in Whey 


Similarly, aerobic fermentations for kefir biomass produc- 
tion were performed in batch and fed-batch mode using 
a peristaltic pump (6 h feeding). In all cases, 1 L of whey 
was used, enriched with 1.6 g/L KH PO, and 7.5 g/L 
(NH4)2SO4 and containing 0, 12, and 25 g/L salt. The ini- 
tial kefir inoculate was 2, 6.5, and 45 g/L. The fermen- 
tation kinetics, final biomass yields, residual lactose, and 
ethanol concentrations were assessed. The results are pre- 
sented in Fig. 2 and Table I (average values). 


Pilot-Plant Operations 


Preparation of Inoculates 


A four-step laboratory-scale process was adopted for the 
production of 300 g of kefir biomass to initiate the pilot- 
plant operations (Fig. 3). Aerobic cell growth at 30°C was 
carried out in whey supplemented with 1.6 g/L KH,PO, 
and 7.5 g/L (NH4)2SO, and pasteurized at 75°C for 15 min; 
10 g of kefir biomass (on wet-weight basis) was harvested 


Table I. Kefir biomass produced by the aerobic fermentation of lactose and whey. 


Initial biomass Final biomass Initial lactose Residual lactose Biomass yield Alcohol Fermentation 
Fermentation broth (g/L) (g/L) (g/L) (g/L) (g/g) conc. (%) time (h) 
Lactose 6.5, 33 35 2.8 0.8 15 7 
Whey, 0% salt 2.0 33 45 1.9 0.8 1.6 15 
Whey, 0% salt 6.5 49 45 0.04 0.9 0.5 7 
Whey, 0% salt 45 79 45 0.03 0.8 0.4 vi 
Whey, 0% salt 2.0 35 51 2.2 0.7 1.5 20 
Whey, 1.2% salt 2.0 35 51 2.4 0.7 1.4 20 
Whey, 2.5% salt 2.0 33 51 3.2 0.7 1.5 47 
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Figure 2. Effect of salt in kefir growth kinetics of the aerobic fermen- 
tation of whey. 


by centrifugation at the late-log phase (10-15 h) and 
transferred to a 1.5-L Plexiglas bioreactor. An amount 
of whey enriched with 1.6 g/L KH PO, and 7.5 g/L 
(NH4)2SO,4 (pH 5.5) was added, and a fed-batch aerobic 
fermentation was carried out at 30°C, employing a high- 
accuracy peristaltic pump. An air pump constantly sup- 
plied the system with air (3 L/min), which was sterilized 
by passage through a bacteriostatic filter. The process was 
repeated twice (about 7 h each), and the produced bio- 
mass was harvested by centrifugation and used to pitch a 
4-L bioreactor containing whey with the same composition 
as above. Two fed-batch fermentations were also carried 
out until 300 g of kefir biomass were produced, which were 
used to inoculate the 100-L bioreactor that was installed 
at MEVGAL S.A. and is described below. 


700-L Bioreactor and Process 


The 100-L bioreactor was a vertical cylinder made from 
stainless steel (AISI 304), 2.3 m tall with a 0.25-m internal 
diameter (Fig. 4). Manual cooling and heating were pro- 
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Figure 3. Apparatus for laboratory-scale kefir biomass production. 


vided by a vertical perforated pipe fitted at the top, which 
externally wetted the bioreactor with cold or warm (tap) 
water. Air, supplied by a compressor, passed through 
an industrial bacteriostatic filter and was spread into using 
40-80 L of pasteurized whey, enriched with 1.6 g/L 
KH>PO, and 7.5 g/L (NH4)2SO,, and various amounts of 
initial kefir biomass (300-1500 g) produced in labora- 
tory scale or by a previous batch in the 100-L bioreactor 
(Table II). The temperature was kept constant at 30°C 
throughout the experiment by cooling or heating the bio- 
reactor with water, and the pH was adjusted at 5.5 by 
the addition of Na.CO3 solution when necessary. The ki- 
netics of fermentation was followed by measuring the 
density (°Be) of the fermenting liquid at various time 
intervals. Samples were analyzed for biomass, ethanol, re- 
sidual lactose, and COD. After the end of fermentation, 
the whey was allowed to stand until the granular biomass 
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Figure 4. Diagram of the 100-L bioreactor for kefir biomass production 
using whey. 
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Figure 5. 3,000-L bioreactor (A, outside; B, inside), air filter (C), and plate heat exchanger (D), used for kefir SCP production using whey. 
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was precipitated at the bottom of the bioreactor, and it 
was collected without centrifugation. 


3,000-L Bioreactor and Process 


The 3,000-L bioreactor was a tank made from stainless 
steel (AISI 305), with a conical bottom, 1.9 m tall with a 
1.5-m internal diameter (Fig. 5A,B). An outlet at the top 
of the conical bottom was used to remove the supernatant 
whey after the precipitation of kefir granular biomass. A 
compressor supplied the bioreactor with air that had passed 
through an industrial bacteriostatic filter (Fig. 5C). The 
bioreactor was connected to a plate heat exchanger for 
cooling or heating the fermenting whey when necessary 
(Fig. 5D). Aerobic fermentation experiments were car- 
ried out at 30°C with 500-2,000 L of whey enriched with 
nutrients and various amounts of initial kefir biomass 
(1,600-34,500 g) produced in the 100-L bioreactor or by 
a previous batch in the 3,000-L bioreactor (Table II). 
After the end of each aerobic treatment at 30°C, the kefir 
grains were allowed to precipitate at the conical bottom, 
the supernatant whey was removed, and fresh whey con- 
taining nutrient salts was pumped in for a second aerobic 
process. Kinetics of fermentation were performed as in the 
case of the 100-L bioreactor, and samples were analyzed 
for biomass, ethanol, residual lactose, and COD. 


Description of Pilot Plant 


Figure 7 presents the process flow sheet for SCP produc- 
tion of kefir using whey as raw material. The whey was 
kept in the collection tank (1), which supplied the bio- 
reactors. Firstly, the 100-L bioreactor was charged to 
produce granular biomass, which would be used as 
inoculate for the 3,000-L bioreactor. Both bioreactors 
were supplied with air by the air compressor (2), which 
passed through the industrial bacteriostatic filter (3). The 
3,000-L bioreactor was cooled by the plate heat exchanger 
(6) using water pumped by the pump (8). Pipelines were 
also used to cool the whey in tank (1) and the 100-L 
bioreactor by wetting them externally with water. The 
piston pump (9) was used to supply the fermenting liquid 
to the plate heat exchanger, and the same pump was used 
to remove the kefir grain slurry after removal of the 
supernatant whey. 


Assays 


Residual sugar and ethanol concentrations in all samples 
were determined on a Shimadzu LC-9A HPLC system 
consisting of a Shim-pack SCR-101N column, a LC-9A 
pump, RID-6A refractive index detector, a CTO-10A col- 
umn oven, and a DGU-2A degassing unit. Thrice-distilled 
and filtered water was used as mobile phase (0.8 mL/min) 
and 1-butanol (0.1% vol/vol) as internal standard. The 
column temperature was 60°C. The sample dilution was 


1% vol/vol, and the injection volume was 40 uL. Deter- 
minations were done using both standard curves and the 
internal standard method. Biomass production during fer- 
mentations was monitored by measuring the optical density 
at 700 nm on a UV-vis Milton Roy Com-Spectronic 20D 
spectrophotometer. The final biomass was determined 
gravimetrically after harvesting by centrifugation, and bio- 
mass yields were assessed as the grams of kefir produced 
per gram of sugar utilized (g/g). Chemical oxygen demand 
(COD) in whey was determined by AOAC Official Method 
973.46 (AOAC, 1995). Soluble protein was determined by 
the AOAC Official Method 991.20 (Kjeldahl method) used 
for determination of total nitrogen in milk (AOAC, 1995). 
Fat was determined by the Gerber method. 


RESULTS 


Kefir Cell Growth 


The aerobic fermentation of synthetic media containing 
lactose in a 1.5-L bioreactor resulted in total (92% + 
4%) conversion of lactose by kefir after about 7 h (Fig. | 
and Table I). The average produced biomass was 33 + 
3 g/L with 1.5% + 0.5% vol/vol simultaneous ethanol 
formation. The high biomass yield encouraged further ex- 
periments using whey as fermentation broth. Batch and 
fed-batch aerobic fermentations were performed using var- 
ious amounts of kefir inoculates (2, 6.5, and 45 g/L) 
showing ability of kefir to grow in whey containing salt 
up to 25 g/L (Fig. 2 and Table I). Lactose conversion was 
97% + 3% and the final biomass concentration was about 
the same in all cases (34 + 4 g/L), although the rate of 
fermentation was reduced as the salinity increased (7-47 h 
fermentation time). 


Kefir Granular Biomass 


During the aerobic fermentations of whey, the kefir bio- 
mass was formed in granular form. Kefir granules had a 
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Figure 6. Effect of initial “Be density on the aerobic fermentation 
kinetics of whey with kefir in the 100- and 3,000-L bioreactors. 
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Figure 7. Diagram of the pilot plant for SCP production of kefir 
using whey. 


particle size of less than 1 mm and started to precipitate 
quickly after the air supply was stopped. Synthetic media 
containing lactose did not form granular biomass. There- 
fore, harvesting of kefir biomass produced in whey did 
not require a centrifugation step but only removal of the 
supernatant liquid. This may lead to avoidance of cen- 
trifugal separators in the production plants, thus achieving 
a significant reduction of investment cost. The good cell 
growth rate of kefir in whey with and without salt in 
combination with the formation of the granular biomass 
encouraged us to proceed in the scale-up of the process, 
which was organized in four steps: two at laboratory scale 
and two at semi-industrial scale. The first two steps com- 
posed of the production of kefir biomass in laboratory 


scale (1.5- and 4-L bioreactors), which was used as in- 
oculate for the 100-L bioreactor. Likewise, the biomass 
produced in the 100-L bioreactor was used to inoculate the 
3,000-L bioreactor. 


SCP Production in Semi-industrial Scale 


The results of scale-up of kefir biomass production in 
the 100 and 3,000-L bioreactors are presented in Table I, 
and they show that fermentation times (10-30 h) did not 
differ significantly as the capacity of fermented whey 
was increased successively from 40 to 2,000 L. Lactose 
(54.1 + 8.5 g/L) was converted to 86% + 6%, and bio- 
mass yields were high (0.7 + 0.2 g/g). Specifically, an 
average 29 + 3 g of kefir biomass was produced per liter 
whey utilized in both the 100- and 3,000-L bioreactors. 
Ethanol (0.4% + 0.2% vol/vol) was less than 60% of 
that formed in the laboratory-scale experiments. The or- 
ganic load of whey, expressed as COD, was decreased by 
about 63% + 10%, consisting mainly of 7.2 + 3.1 g/L 
residual sugar, 3.4 + 1.0 g/L fat, and 0.5 + 0.1 g/L 
soluble protein. Figure 6 shows that the increase of ini- 
tial °Be density of whey (lactose concentration) decreased 
the fermentation rate in both bioreactors. The formation 
of kefir granular biomass was also observed in all the 
studied capacities, and the separation of biomass was ob- 
tained after removal of the supernatant liquid through the 
outlet at the bottom of the bioreactors. During these semi- 
industrial aerobic fermentations, no contamination was ob- 
served in the industrial conditions, and the pilot-plant 
operations did not have any difficulties with respect to 
mechanical construction and handling the raw materials 
and products, facts that encourage the industrialization of 
the process. 


Economic Evaluation 


Table II presents investment, production cost, and added 
value that would be created in the European Union and 
Greece for enterprises that would utilize whey for kefir 
biomass production. One can observe the great differences 
between the market price and production cost that can 
be attributed to the low cost of raw material (whey), the 
lower labor cost, electricity, and depreciation of invest- 


Table III. Products and costs as well as added value created by kefir biomass production. 


Estimation of 


Market price —_ construction cost 


Estimation of 
production 


Estimation of created 
added value in EU 


Annual production Estimation of created 


capacity in Greece added value in Greece? 


Product (€/kg) in Greece* (€ ) cost (€/kg) (m?) (€/year) (€/year) 
Protein livestock feed 0.80 12,000,000 0.15 21,000 100 x 10° 5.2 x 10° 
Baker’s yeast 0.90 15,000,000 0.05 63,000 300 x 10° 15.6 x 10° 
Protein additive as 0.80 12,000,000 0.15 21,000 100 x 10° 5.2 x 10° 


emulsifier in foods 


The annual production capacity in Greece is estimated to 700,000 m*. 


>Estimated by taking into account the production capacity of whey in Greece. 
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ment due to the formation of kefir granular biomass that 
would eliminate the use of centrifugal separators, which 
are expensive machines. The created added value is very 
high. The highest added value seems to be the baker’s 
yeast created from the kefir biomass; this baker’s yeast 
also has lower production costs because the production of 
livestock feeds and food additives requires autolysis and 
drying steps. 


DISCUSSION 


What Is Kefir Yeast Technology and Why? 


Efforts have been undertaken during the last 4 years to 
develop a technology for the exploitation of whey through 
the production of various foodstuffs. These efforts are 
based on the employment of kefir, a mixed natural cul- 
ture that converts lactose while simultaneously performing 
alcoholic and lactic acid fermentations. The aim of this 
technology, as previously mentioned, is the production 
of various value-adding products such as potable alco- 
hol; whey-based alcoholic beverages similar to the well- 
known kefir drink; SCP as livestock feed or food additive 
(e.g., with emulsifying, foaming, and gel-forming prop- 
erties); baker’s yeast; mixed starter cultures for rapid 
cheese ripening, etc. The development of such a variety of 
products will result in the complete exploitation of whey, 
which is a highly polluting liquid waste of the dairy indus- 
try, creating at the same time high added value. Therefore, 
study of kefir cell growth in whey and validation of the 
developed technology by a successful semi-industrial scale- 
up were necessary. Therefore, experiments were orga- 
nized (i) at laboratory scale, to examine kefir cell growth 
in synthetic media containing lactose and whey with or 
without salt, and (ii) through step-by-step development of 
a scale-up process to achieve large-capacity cell growth of 
kefir using whey. 


Conclusions and Technological Consideration 
of Results 


Cell growth of kefir encouraged pilot-plant operations at 
the semi-industrial scale, which validated the results 
obtained at laboratory scale. According to the industrial 
experience, the fermentation time of kefir biomass produc- 
tion using the 3,000-L bioreactor was similar to that of 
S. cerevisiae in baker’s yeast production plants. The pilot- 
plant operations involved simple mechanical constructions 
without any technical obstacles. These in addition to low 
production and construction costs contribute to the in- 
dustrialization of the technology. Kefir yeast technology 
regarding kefir biomass production using whey is a pro- 
mising technology. Research concerning the use of kefir 
SCP as food additive showed that SCP (53.9% protein) 
exhibited emulsifying properties similar to those of de- 
fatted soy flour, while its foaming and gel-forming prop- 


erties were better (Paraskevopoulou et al., 2003b). The use 
of yeast and bacteria SCP as livestock feed is a well-known 
industrial practice. The growth of kefir grains using var- 
ious carbohydrates was studied in order to predict the ef- 
fective, low-cost utilization of various food-grade wastes 
for the production of kefir biomass and its possible use 
as a novel baking starter (Harta et al., 2004). However, 
with respect to the suitability of kefir as baker’s yeast and 
starter culture for the ripening of cheeses, research is in 
progress. In the case of cheese, probiotic properties are 
expected to be provided, because kefir is a mixed cul- 
ture consisting of yeasts and lactic acid bacteria. This as 
well as the variety of commercial products that can be 
developed in the frame of this technology increases the 
possibility of industrialization because they reduce the 
business risk. Likewise, the variation of products can lead 
to high capacities of milk whey employed, thus decreasing 
the pollution problem. 
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